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Design and NMR Studies of Peptides Containing Unnatural Amino Acids and  
Studies Directed Towards the Total Synthesis of Immunosuppressive peptide 
Thalassospiramide A. 
 
The thesis deals with the design and structural analysis of peptides and peptidomimetics 
containing unnatural amino acids using NMR as a tool and synthetic attempts towards the total 
synthesis of Thalassospiramide A, a immunosuppressive peptide from the marine bacterium 
Thalassospira sp. 
 The thesis is divided into five chapters. Chapter I focuses on the peptides and 
peptidomimetics and their structural features. Further, this chapter highlights the basic 
principles and importance of NMR. Chapter II describes a detail study of induction of folding 
propensities in short β-hGly oligomers by β-Carbo amino acids (β-Caa) and their short and 
robust helices. Chapter III deals with the structural features of peptides with β-Caa / aminoxy 
acid dipeptide repeats. Elucidation of the structure of some C2-symmetric cyclic peptides, 
containing tetrahydrofuran amino acids and α-amino acids, has been discussed in the chapter 
IV. Chapter V details the studies directed towards the total synthesis of a recently reported 
peptide natural product, Thalassospiramides A, which was isolated from a new member of the 
marine α-proteobacterium Thalassospira. 
 
Chapter I. Introduction 
This chapter contains an overview of various types of secondary structural features of 
natural α-peptides, like: α-helix, 310-helix, pi-helix, β-sheet, β-turn, γ-turn, α-turn and pi-turn 
and secondary structures observed in β-peptides. It also describes the general introduction to 
nuclear magnetic resonance (NMR) spectroscopy including the experimental methodologies 
employed in this thesis. Further the details of the NMR structural parameters, such as chemical 
shift (δ), scalar couplings (J), nOes and H-bonding parameters, which have been used in the 
structure elucidation of peptides, are presented in brief. In addition an introduction to the 
molecular dynamics (MD) simulation and Circular dichroism (CD) spectroscopy has also been 
discussed. 
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Chapter II. Understanding the Folding Propensities of β-Peptides: A Study on Chirality 
Induced Helicity in Oligomers of β-hGly 
The functions of proteins throw challenges to the chemists in designing of peptides that 
can adopt and propagate novel conformational features. Unnatural peptides have revolutionized 
the area of peptides research and led to the identification of several novel folds, evolving into a 
new class of peptide ‘foldamers’. The designing of such peptides is demanding, since the 
rationale of how and why the compact 3D structures of proteins form and stay stable in the 
physiological medium is still poorly understood. However, in designed oligomers, template 
induced folding provides an interesting possibility to obtain a variety of secondary structures. 
Again the rules governing the nucleation of secondary structures, in the small and relatively 
new arena of β-peptides, have so far not very well elaborated. In order to throw more light on 
this aspect of foldamers, an investigation was undertaken on short β-hGly rich β-peptides. 
Though conformational preference β-hGly to fold, facilitated by the neighboring chiral β-amino 
acid residues is reported, the NMR studies carried out on poly-β-hGly have provided evidence 
for the existence of disordered structures without much of intermolecular H-bonding. More 
recently elaborate theoretical studies by ab initio quantum mechanical calculations, predicted 
the preference of ordered secondary structures in peptides derived from β-hGly. 
In view of these findings, it was felt worthwhile to investigate the folding behaviour of 
peptides containing a string of β-hGly residues. To induce folds in such oligomers, an alluring 
strategy of end capping the (β-hGly)n with a tripeptide robust helix, obtained from the family a 
of β-Caa, RSR (R and S being the configuration at Cβ) was adopted and peptides 2.1, 2.2, 2.3 
and 2.4 were analyzed. It was rather gratifying that a helical fold, driven by the robust helical 
terminal segments, was induced on a string of up to seven β-hGly. In fact, we further observed 
that even end capping with only a single helix at either of the termini as in peptides 2.5, 2.6, 2.7 
and 2.8, was sufficient to induce such helical folds albeit they were less robust. 
This encouraged us to investigate pure β-hGly oligomers and tri-, tetra- and penta β-
hGly peptides were prepared with Boc and galactose as N- and C-terminal protections 
respectively (2.9, 2.10 and 2.11). Galactose was chosen as C-terminal protection to increase the 
solubility of the peptide in CDCl3. However the attempts to synthesize β-hGly oligomer with 
achiral protection groups were thwarted by the poor solubility and the largest oligomer that 
could be synthesized was a tripeptide (2.12).The studies were revealing, as an inkling of a well 
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defined structure in 2.11
 
provides us impetus to investigate oligomers end capped at C- and N-
terminus by Caa residue. The oligomers, with C- and N-terminus capping (2.13 and 2.14
 
respectively) did result in substantial stabilization of a helical structure. The helical structures 
were further stabilized when the Caa residue was used to end cap both the termini (2.15 and 
2.16). 
 
Figure 1. The structures of peptides 2.1 to 2.16. 
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The above discussions clearly demonstrate that a tripeptide helix motif as well as a 
single chiral amino acid can induce 12/10 helicity in an appropriate short β-hGly oligopeptide 
when capped from both N- and C-termini. Even one-end capping at either of the termini is also 
effective enough to impart a 12/10-helical fold, but presence of significant populations of other 
structures, indicates the setting in of disorder. These detail studies gives a new insight on the 
folding propensities of β-peptides and chirality induced helical folding, which may help to 
understand the formation of compact 3D structures of proteins and peptides and stimulate 
studies on template induced folding in designed oligomers. 
 
Chapter III. Conformational Analysis of Hybrid Peptides Derived from C-Linked Carbo 
β-Amino Acids and α-Aminoxy Acid 
α-Aminoxy acids (Ama) are analogs of β-amino acids in which the β-carbon atom in the 
β-amino acid backbone is replaced with an oxygen atom. In the α-aminoxy acids the lone pair 
electron repulsion between the nitrogen and oxygen atoms makes their backbone more rigid 
compared to the β-amino acids. The theoretical and experimental studies revealed that it adopts 
a rigid eight-membered-ring hydrogen-bonded structure (so-called α N-O turn) in its most 
favorable conformation. It has been further shown by theoretical calculations that, the 12/10-
helix is less stable in the oligomers of aminoxy acids.  In contrast, such 8-helices are quite high 
in energy in β-peptides and can be ruled out, but they have intrinsic preference for 12/10-
helices. Based on the above disclosures about Ama and β-Caa, with their respective preferences 
for the N-O turns and mixed helices respectively, we have designed and explored the structure 
of two new groups of peptides, combining R-Ama alternatively with R-β-Caa and S-β-Caa 
using NMR, MD and CD. Since the constituent monomers, R-β-Caa and aminoxy acids have 
high propensity for different secondary structures, it is of special interest to study as to which of 
these propensities govern the structure of these oligomers. 
 
The chapter is divided into two sections discussing the dipeptide repeats of R-β-Caa/R-
Ama and R-β-Caa /R-Ama separately. 
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Section A: Design and Conformational Studies of a ‘New Motif’ with R-Carbo-β-Amino 
Acids and α-Aminoxy Acids. 
 
The α-aminoxy acid (Ama) is a mimic of β2-amino acid. Thus, peptides of the present 
design, obtained from R-β-Caa/R-Ama can be visualized as ‘pseudo’ β3,β2-peptides. Inspired 
by the report of Seebach et al on β2,β3-peptides, the dipeptide repeats of alternating ‘R-β-Caa 
and R-Ama’ was used as a ‘new motif’. Further, theoretical studies predicted that the β2,β3-
peptides have higher propensity for 12/10-helices. To understand the effect of side-chains 
better, two more sets of peptides (3.3 to 3.6) were designed and their structures were derived 
using NMR, MD and CD. 
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Figure 2. The structures of peptides 3.1 to 3.6. 
 
1H NMR studies of 3.1 in CDCl3 solution showed presence of three isomers, the major 
one of which (~ 90%) was studied in detail. A highly dispersed NMR spectrum, suggests the 
existence of a well-defined structure. Apart from NH (1), all the amide proton chemical shifts 
(δ) are > 7 ppm. Small change in the chemical shifts (∆δ) of NH(2) and NH(3) during the 
solvent titration studies, provides sufficient support for the presence of intramolecularly H-
Bonded structures. 
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Figure 3. Definition of various dihedral angles in β-amino acid and α-aminoxy acid. 
 
It was observed that the backbone dihedral angles of β-Caa residues are constrained, as 
reflected by the coupling constants. An anti-periplanar arrangement of NH and CβH is 
indicated by 3JNH-CβH > 9.0 Hz, corresponding to the dihedral angle φ ~120º. The 3JCαH-CβH > 9.6 
Hz or < 3.7 Hz support a value of 60º or 180º for the dihedral angle θ. The high field CαH, was 
assigned as CαH(pro-R), based on these couplings as well as a strong nOe correlation between 
it and NH, permitting one to choose between the two options for the θ and confirm a value of θ 
~ 60º. This also helped to deduce from the very strong nOe correlations, NH(2)/CαH(1)(pro-S), 
and NH(4)/CαH(3)(pro-S) that the dihedral angle ψ is ~ 100º. In the absence of a very few 
protons in the R-Ama residue, information can be gleaned for only dihedral angles ψ’ from the 
nOe data. A strong correlation NH(3)/CαH(2) implies ψ’ ~ -100º for the R-Ama(2) at the 
second residue. In addition to above information, the medium range nOes, CβH(1)/NH(3), 
CβH(1)/CαH(3)(pro-R) and NH(2)/NH(3) provide the tell tale signatures of a 12-membered H-
bond (NH(3)-BocCO) and a 10-membered H-bond (NH(2)-CO(3)) corresponding to a right 
handed 12/10-mixed helix. 
 
 
 
Figure 4. Stereoview of twenty superimposed structures of 3.1 (H-bonds are shown as dotted 
lines) 
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For restrained MD calculations, the distance constraints were obtained from ROESY 
data of 3.1, using two spin approximations. Dihedral angle constraints were not used in these 
calculations, though starting geometries were consistent with the data. 
For the peptides 3.2-3.6, the chemical shift values of NH protons and solvent titration 
data support the involvement of all NHs, except those at the termini, in H-bonding. The 
coupling information and nOe correlations, similar to 3.1, provide a compelling evidence of a 
12/10-helix for these peptides. Though, for peptides 3.3-3.6, presence of larger populations of 
other isomers (other than those with 12/10 heilcal structures), as well as the CD spectra 
indicated the destabilization of the ordered structure. 
The study emphatically demonstrates that the ‘R-β-Caa/R-Ama’ oligomers really 
behave like peptides with alternating β3- and β2- residues and generate 12/10-helices. It appears 
to be an outcome of the dominance of the conformational preference of R-β-Caa to provide 
robust mixed helices over that of R-Ama to form an 8-helix. The difference in the robustness of 
the 12/10-helices in these peptides further suggests that the stability of mixed helices is 
sensitive to the variation of the substituents at β3- and pseudo β2-amino acids. This study 
demonstrates that further expansion of the foldamer domain is possible by exploiting the 
oligomers derived from dipeptide repeats containing the versatile building blocks, Ama and β-
Caa or β-amino acids with different side chains. 
 
Section B: Design and Conformational Studies Cyclic Tetrapeptide Derived from 
Alternating (S)-Carbo-β-Amino Acid and α-Aminoxy Acid: A Selective Chloride Ion 
Receptor. 
 
To further explore this aspect of competing conformational preferences of these 
monomers, oligomers derived from alternating S-β-Caa and R-Ama were also studied. This 
investigation is also pertinent, as we were intrigued by the fact that side chains play a special 
role in controlling the secondary structures. In contrast to the linear oligomers with R-β-Caa 
and R-Ama dipeptide repeats, which show a robust helical structure and could not be cyclised, 
the cyclization of tetrapeptide with alternating S-β-Caa and an R-Ama was rather facile. In a 
comparable scenario of chirality switch from homochiral residues to heterochiral dimer repeats 
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in α-aminoxy acids, similar behaviour was observed, where one family of oligomers repeats 
provided a helical scaffold, whereas the other set permitted cyclization. 
In this section, the structural information on the linear and cyclic tetrapeptide derived 
from S-β-Caa/R-Ama repeat (3.7 and 3.8 respectively) was obtained by NMR (Figure 5). 
Further anion binding studies were performed by NMR and mass spectrometric methods on 
cyclic tetrapeptide 3.8. 
  
 
Figure 5. The structures of peptides 3.7 and 3.8. 
 
For the linear tetrapeptide 3.7, severe overlap of peaks and presence of strong exchange 
peaks between several isomers, did not permit derivation of the molecular structure. However, 
facile macrocyclization of 3.7 is suggestive of the proximity of the two termini. The presence of 
only one set of peaks from (R)-Ama and (S)-β-Caa in 3.8 is consistent with two fold molecular 
symmetry in the NMR time scale. The amide protons for the (S)-β-Caa participated in H-
bonding, which was confirmed the solvent titration studies. 
Unlike for the linear analogue from (R)-Ama/(R)-β-Caa, where the dominance of 12-
membered H-bonds did not permit the formation of N-O turns, the nOe correlations depicted in 
Figure 6A  and a large 3JNH-CβH (~ 10 Hz) in 3.8 support an 8-membered N-O turn, stabilized by 
two H-bonds between carbonyls and amides of the two β-Caa residues [β-Caa (CO) -β-
Caa’(NH) and β-Caa’(CO) -β-Caa (NH)]. 
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Figure 6. (A) The characteristic nOe correlations: β-CaaNH/β-CaaCαH(pro-S), β-CaaNH/β-
CaaC4H, β-CaaC4H/β-CaaCαH(pro-S), β-CaaNH/AmaCαH, β-CaaNH/AmaCβH, AmaNH/β-
CaaCαH(pro-R), AmaNH/β-CaaCβH and AmaNH/AmaCαH are depicted as 1 to 8 respectively 
in the partial structure of peptide 3.8; (B) One of the lowest energy structures derived from the 
restrained MD studies, where the backbone is highlighted with a band. 
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Figure 7. (A) Change in chemical shift of amide protons and (B) Job plot of peptide 5 upon 
addition of anions (Cl-. Br- and I-). 
 
Anion binding properties were investigated with the help of NMR and Mass 
spectrometry. ESI-MS spectrum of a methanolic solution of the cyclic peptide (3.8) mixed with 
different salts, shows the peaks corresponding to [M+Cl]- , [M+Br]- , [M+I]-, [M+NO2]-, and 
[M+HSO4]- or [M+H2PO4]-. The higher abundance of [M+Cl]- suggests that Cl- anion has a 
stronger affinity towards the cyclic peptide. Further, NMR titrations studies (Figure 7) by 
sequentially adding the halogen ions (F-, Cl-, Br-, I-), reveal significant changes in the spectra 
(A)      (B) 
(A)           (B) 
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(Figure 7A). A Job-plot of the of the amide proton chemical shift against the mole fraction of 
the ions provided emphatic support for a 1:1 complex of the Cl- ion and Br- with 3.8 (Figure 
7B) and rather weak and no definitive peptide-I- complex. These observations are in line with 
the mass spectrometric data, where intensity of the peaks of the halogen ion-3.8 complex 
follow the order Cl- > Br- >I-. 
 
 
 
Figure 8. (A) TEM image of the nanorods formed by 3.8 from a 1 mM solution in H2O-MeOH 
collected over 400 mesh Cu/Rh grids, and negatively stained with uranyl acetate solution. (B) 
Magnified image of the micrograph showing nanorods (C) TEM image of diluted solution of 5 
(1µM) showing nanorod of 150 nm width. 
 
Changes in the chemical shifts as a function of the concentration provide a very handy 
tool for studying molecular association. Substantial change in the chemical shifts of both the 
amide protons as well as CαHs of (S)-β-Caa, were observed supporting molecular association. 
The TEM (Figure 8) and AFM images and presence of the peak from dimeric species in the 
mass spectrum bare testimonies to this. 
The result discussed in the present study reveal that, unlike the (R)-β-Caa, (S)-β-Caa 
facilitates the formation of cyclic peptide, due to the inherent formation of an N-O turn. The 
symmetric cyclic peptide with two N-O turns shows appreciable binding affinity with the 
chloride ion. The concentration studies and TEM images amply demonstrated the presence of 
intermolecular H-bonding, leading to nano-molecular assembly of these cyclic peptides. This 
new class of hybrid peptides from (S)-β-Caa and (R)-Ama, may help in the design of diverse 
peptides scaffolds with desired functional features. 
(A)    (B)    (C) 
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Chapter IV. Conformational Analysis of C2-Symmetric Cyclic Peptides Containing 
Tetrahydrofuran Amino Acids 
Sugar amino acids have emerged as versatile templates that have been used extensively 
in recent years as conformationally constrained peptidomimetic scaffolds. As a part of the 
ongoing project on sugar amino acids, model cyclic peptides containing tetrahydrofuran amino 
acids (which is analogous to furanoid sugar amino acids) and natural α-amino acids were 
studied. Cyclization of linear peptides is a widely used method to restrict their conformational 
degrees of freedom and induce desirable structural biases essential for their biological 
activities. It was envisaged that insertion of tetrahydrofuran amino acids, known as turn 
inducers, into cyclic peptides would lead to structures stabilized by intramolecular hydrogen 
bonds rather than the intermolecular hydrogen bonds between the stacked rings seen in tubular 
structures. This chapter describes the conformational studies of four cyclic peptides 4.1-4.4 
(Figure 9) containing “2,5-cis” (2S,5R)-tetrahydrofuran amino acid (Taa1, in 4.1), “2,5-trans” 
(2S,5S)-tetrahydrofuran amino acid (Taa2, in 4.2 and 4.3) and “2,5-cis” (2R,5S)-tetrahydrofuran 
amino acid (Taa3, in 4.4). 
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Figure 9. The structures of cyclic peptides 4.1-4.4. 
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The 1H NMR of peptide 4.1-4.4 have shown well-resolved spectra with only one set of 
peaks for each constituent amino acid, indicating a well folded C2-symmetric structure. For 4.1 
all the amide protons appeared at low field, while solvent titration studies showed very small 
change in δNH of Taa1 and Leu residues, thereby confirming their involvement in H-bonding. 
3JNH-CαH = 9.6 Hz (Val) and 10.4 Hz (Leu) strongly support an anti-periplanar arrangement of 
NH and CαH for Val and Leu, corresponding to a value of φ ~ −100°, which falls in the β-
region of the Ramachandran plot. Similarly the 3JNH-CαH(pro-S) = 9.7 and  3JNH-CαH(pro-R) = 3.2 Hz 
for Taa1 correspond to a φ ~ 100°. 
Four β-turn like features were deduced from the nOe data. Strong LeuNH/ValNH and 
medium intensity LeuCαH/Taa1′NH nOe cross correlations along with the involvement of 
Taa1NH in H-bonding, support a β-turn around Leu-Val residues. Similarly, two β-turns, 
involving a pseudo 10-membered H-bonded ring, involving LeuNH, around Taa1 residue was 
deduced from the nOes, LeuNH/Taa1CεH(pro-S), and Taa1CδH/LeuCαH. MD calculations 
were carried out using distance constraints derived from the ROESY data. 
From the MD calculation the structures that emerged (Figure 10) are very rigid and 
show the four turns along with the presence of H-bonds between LeuNH/ValCO and 
Taa1NH/Taa1′CO (10-membered H-bonds). Another interesting aspect that emerged from the 
MD studies was the presence of three-centred H-bonding pattern involving ValNH-Val′CO and 
LeuNH-Val′CO H-bonds. Thus the low field chemical shift of the ValNH and LeuNH and their 
small ∆δ during solvent titration can be explained. The structures can be viewed as distorted 
“β-β corner” motif with the corners deviating significantly from the standard 90°, resembling a 
tennis ball seam. 
 For peptide 4.2 and 4.3 very similar features were observed. Participation of amide 
protons of Taa2 in H-bonding was deduced from their low field shifts as well as the solvent 
titration studies. The 3JNH-CαH are not as distinctive as in 4.1, with values ~ 8 Hz in 4.2 and even 
smaller values in 4.3. Yet it was presumed the 24-membered macrocycle with four H-bonds is 
quite rigid and thus the backbone couplings arise from predominantly a single rigid 
conformation. This is born out from the MD studies, which show (Figure 10) essentially one 
family of distorted “β-β corner” structures like 4.1. 
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The well resolved and widely dispersed 1H NMR spectrum of peptide 4.4, indicates a 
folded conformation. Two of the amide protons (Taa3 and Leu NHs) appeared at low field, and 
confirmed by solvent titration their involvement in H-bonding. Strong LeuNH/ValNH and 
medium intensity LeuCαH/ValNH nOe cross correlations along with the involvement of Taa-
3NH in H-bonding, support a γ-turn around Leu-Val residues. Similarly a turn, involving 
LeuNH, was deduced from the nOes, ValNH/LeuCβH(pro-R), and ValNH/LeuCγH(pro-R). 
MD calculations were carried out using constraints derived from the ROESY data. 
  
  
Figure 10. Lowest energy structure of peptides obtained from MD calculations (A) 4.1, (B) 4.2 
(C) 4.3 and (D) 4.4 with their backbones highlighted with pseudo-connolly surface using 
Insight II. 
 
Peptides 4.1 to 4.4 displayed well-defined distorted “β-β corner” structures. Such 
oligomeric assemblies, with intramolecularly hydrogen-bonded structures, can play significant 
roles in recognizing and binding to suitable ligands mimicking biological systems. With this 
knowledge, one can impose amphiphilic nature to these secondary structured cyclic peptides by 
distributing the hydrophobic and hydrophilic residues onto separate surfaces of the molecules, 
which is a pre-requisite for Cationic antimicrobial peptides. Experimental manipulations 
through the syntheses of various sugar amino acids and their incorporation to these interesting 
cyclic frames, change in the ratio of hydrophobicity vs hydropilicity and finally their biological 
performances could be the prospect of tomorrow’s antibiotic. 
(A)    (B) 
 
 
 
 
 
 
(C)    (D) 
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Chapter V. Studies Directed Towards the Total Synthesis of Immunosuppressive Peptide 
Thalassospiramide A. 
Marine natural products have attracted the attention of biologists and chemists the world 
over for the past five decades, as a result of the potential for new drug discovery. This interest 
has led to the discovery of thousands of marine natural products to date and many of the 
compounds have shown very promising biological activity. Several natural products have been 
harnessed from its natural sources and some has been synthesized successfully over the years, 
which proved to be useful as remedies for various ailments such as the treatment of cancer, 
tuberculosis etc. Several Marine derived drugs have been found to be useful in neurology and 
as enzyme stabilizers in many marine invertibrates. Among the newly reported marine natural 
products, culture of a new marine α-proteobacterium of the Thalassospira genus (source not 
given) produced two cyclic octapeptides, Thalassospiramides A and B that contained some 
unusual amino acids and exhibited immunosuppressive activity in an interleukin-5 production 
inhibition assay. 
Thalassospiramides A and B (5.1 and 5.2) are two secondary metabolites which contain 
a depsipeptide core as their key structural moiety and possess vital immunosuppressive activity. 
 
 
Figure 11. Structure of Thalassospiramide A (5.1) and Thalassospiramide B (5.2). 
 
To the best of our knowledge so far no synthetic studies of Thalassospiramides A and B 
are reported in the literature. In the present thesis, an effort has been directed towards the total 
synthesis Thalassospiramide A. 
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Retrosynthetic approach 
 
 
 
Synthesis of compound 5.5 and 5.6 
 
The synthesis of the compound 5.5 was executed according to the procedure illustrated in 
Scheme 2. 
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Synthesis of the compound 5.6 was carried out according to Scheme 3 shown below. 
 
   
 
Coupling of compound 5.5 and compound 5.6 
The final coupling of 5.5 and 5.6 was afforded by the approach depicted in Scheme 4. 
 
However, none of the available methods for the ring closing metathesis in the final fragment 
5.7 proved to be successful. Thus the total synthesis of Thalassospiramide A still remained 
undescribed. 
